Abstract-This paper presents the methodology of design of three different modeling techniques for predicting cement quality using input-output measurements of the closed circuit grinding in a cement plant. The modeling approaches used are: statistical, artificial neural networks (ANN), and adaptive neurofuzzy inference systems (ANFIS). The data set for generating the predictive models are obtained from a database of the operation of the cement plant, UCEM-Guapán. An OPC (OLE for process control) network configuration in the SCADA system allows online validations of the proposed models in order to select the best approach for real-time prediction of cement quality.
I. INTRODUCTION
The cement grinding circuit represents the last stage in the cement manufacturing process. Studies on the operation and energy consumption in cement plants show that about 40% of the total electrical energy consumption corresponds to this stage [1] - [3] . Cement grinding is the responsible for the fineness characteristics of the final product, typically measured by two quality variables: specific surface or Blaine cm 2 /g , and the percentage passing the sieve No. 325 (from now on, called PPS45). It is a common practice in cement plants to perform laboratory tests of the fineness of the cement every two hours, leading to a gap of two hours of blind operation regarding cement quality. Therefore, it is necessary to develop innovative tools for assisting the cement grinding circuit operation, which allows the minimization of the final product variability, and improves the energy consumption.
Authors of [4] propose theoretical approaches for modelbased online estimation of cement quality, emphasizing its importance for the manufacturing process. Reference [5] presents details on the modeling of process variables for designing a model predictive controller (MPC) for operating the grinding circuit of a cement plant. The modeling procedure is based on the step-response analysis of certain operation variables.
Reference [6] presents a nonlinear model of the grinding circuit through the use of a nonlinear differential equation model that offers Blaine predictions; the model is only tested in simulation. Reference [7] proposes a fuzzy modeling approach to control the grinding circuit. In [8] is proposed a non-linear model of the grinding circuit for predicting the flow rates of the materials in order to design a non-linear MPC. Stochastic models for the grinding circuit have also been proposed through Markov chains in [9] . A survey of modeling techniques of grinding circuits is presented in [10] .
This paper presents a comparative study of data-based modeling techniques for predicting cement quality using inputoutput measurements of the closed circuit grinding in a cement plant. The modeling approaches used in this research are the following: statistical, ANN, and ANFIS. The dataset for generating the predictive models are obtained from a database of the operation of the cement plant, UCEM-Guapán. Online validations of all proposed models show the validity of the modeling approaches and allow the selection of the best model. The residual error of every model is used to compare the accuracy and precision of every approach.
II. GRINDING CIRCUIT ANALYSIS
The ball mill grinds the material entering its cameras in order to reduce the particles sizes. Once the particles exit the mill, they are transported to a centrifugal separator, where heavier particles return to the mill and smaller particles go to a dust collector. Finally, cement particles are sent to the storage and dispatch silos. Fig. 1 shows the grinding circuit operation of UCEM-Guapán. The elements identified in the cement grinding circuit (Fig. 1) are: the ball mill (G20), the dust collector of the ball mill (G24), the bucket elevator (G31), the centrifugal separator (G35), and the dust collector of the separator (G39). The modeling procedure starts with the analysis of the operation and quality variables of the grinding circuit. A database consisting of 39 variables with information comprehended from Apr-01-2014 to Apr-30-2015 is used. Several issues are found in the dataset, such as: different sampling times for certain variables, missing values of some variables in certain periods of time, and records of atypical events of the grinding circuit (stoppages, incorrect operation events, etc.). Fig. 2 shows a statistical methodology for selecting a correct dataset from the database in order to develop the proposed models in this paper.
Once the dataset is aligned through the assignment of a timestamp, and atypical operational values of the variables have been removed, a statistical analysis is performed in order to select the variables to be used in the modeling procedure. The selection criteria of the variables to be removed is the following:
• Variables with a reduced set of data;
• Variables that show low variability or invariability; and • Variables with big transitions. Variables that meet the first two criteria will make the model explain a limited amount of events. Variables meeting the third criterion could cause high uncertainty in the model predictions. Nevertheless, independent of the three criteria, there are three operation variables that must be included in the models, since they are manipulated from the supervisory control and data adquisition (SCADA) system for operating the grinding circuit: fresh feed, set-point speed of the separator (G35), and set-point speed of the dust collector (G39). The process of selection of additional variables for modeling the cement fineness is:
• Determine the correlation coefficient between the fineness and process variables. Obtain the top ten variables with the highest correlation; According to the selection procedure, a set of variables for modeling the Blaine and the PPS45 is obtained. Table I shows the variables to be used for modeling the Blaine. Table II shows the variables to be used for modeling the PPS45. 
III. MODELS OF CEMENT FINENESS
The modeling approaches used in this research were selected due to their easiness and robustness of adapting to complicated data sets. The cement fineness, which is to be predicted, depends highly on the features of operation of the closed circuit grinding. The circuit grinding operation is stochastic and nonlinear, which complicates the use of a phenomenological model to predict the cement fineness. Therefore, black-box models were selected, which are: statistical models, ANN models; and ANFIS models.
A. Statistical models
The proposed statistical models are multiple regression models. These models quantify the relationship between the modeled variable, y, and independent variables, x k , establishing a confidence interval for the adjusted estimations with the real data. The general model of a multiple regression is: Fig. 3 shows the methodology applied for obtaining the statistical models of the fineness of the cement. Three statistical models are proposed for the Blaine prediction. Fig. 4 shows the adjustments of the statistical models for the Blaine prediction.
Three statistical models are proposed for the PPS45. Fig. 5 shows the adjustments of the statistical models for the PPS45.
Analysis of the autocorrelation and partial autocorrelation functions of the fineness variables lead to two additional models, which include previous samples in the model processing. The general expression of the autoregressive model is the following: 
Figures 6 and 7 show the adjustment for the autoregressive models of the fineness variables as well as a 95 % confidence interval. Fig. 8 shows the general architecture of the ANN used for the models of the fineness variables. The ANN prediction model has the following general equation:
B. ANN models
where X is the input vector; Y is the output vector of estimated values; W 1 and W 2 are the hidden and output layer weight matrices, respectively; b 1 and b 2 are the hidden and output layer threshold vectors, respectively. Blaine prediction is the following: 7 inputs, 45 neurons in the hidden layer, tansigmoidal activation functions, and 1 output. Fig. 9 shows the adjustment of the best ANN model for the Blaine prediction.
Following the same methodology, it is possible to determine models for the PPS45. Fig. 10 shows the adjustment of the best ANN model for the PPS45. An OPC network configuration was implemented to test the modeling approaches. Fig. 16 shows the network architecture. The pregrinding process and the grinding process are operated independently. The modeling software runs in MATLAB, which is connected to the SCADA servers as an OPC client. This network configuration allows further applications, such as model-based control of the circuit grinding, data storage of events of the operation in a data base, etc.
V. CONCLUSION
The operation of a cement grinding circuit involves a highly stochastic process, which produces inaccuracies in the proposed approaches. The certainty of the predictions depends directly on the quantity and quality of the dataset used for the estimation of the models. The dataset should contain all the operating events of the manufacturing process in order to predict correctly the fineness variables under different operating conditions of the grinding circuit.
